SAP (SH2D1A) is required intrinsically in CD4 T cells to generate germinal center responses and long-term humoral immunity. SAP binds to SLAM family receptors, including SLAM, CD84, and Ly108 to enhance cytokine secretion and sustained T cell:B cell adhesion, which both improve T follicular helper (Tfh) cell aid to germinal center (GC) B cells. To understand the overlapping roles of multiple SLAM family receptors in germinal center responses, Slamf1
Introduction
Germinal center (GC) responses are critical for the generation of high affinity antibodies (Abs), memory B cells, and long-lived plasma cells. T follicular helper (Tfh) cells are subset of CD4 T cells specialized in supporting and regulating GC responses [1, 2] . Tfh cells provide help signals that support GC B cell survival, proliferation, and somatic hypermutation and promote plasma cell differentiation via receptors like CD40L and through secreted factors like IL-21 [3, 4] . These cognate interactions between Tfh cells and GC B cells are regulated by SLAM family receptors and SLAM-associated protein (SAP, Sh2d1a). Therefore, understanding how these receptors modulate Tfh cells and regulate GCs can be useful for developing rational vaccine immunology as well as potential therapeutics for autoantibody-associated autoimmune diseases.
Defects in Sh2d1a in humans causes X-linked lymphoproliferative disease (XLP), a disorder with high mortality characterized by the inability to clear infections and dysregulated T cell responses [5] . SAP deficient humans and mice have impaired generation of germinal centers (GCs), isotype-switched memory B cells, and circulating antibodies [6] [7] [8] [9] [10] . These defects can be rescued in mice via transfer of SAP sufficient CD4 T cells, demonstrating the critical cell intrinsic role of SAP in CD4 T cells [7, 11] . Therefore, understanding the role of SAP in CD4 T cells is critical to the mechanistic understanding of defective humoral responses in XLP patients.
SAP binds to SLAM family (SLAMf) receptors, a family of nine receptors selectively expressed on cell types of the hematopoietic lineage. CD4 T cells express the SAP-binding SLAMf receptors SLAM (SLAMF1), Ly9, CD84 (SLAMF5), and Ly108 (SLAMF6) [5] and these receptors regulate different T cell functions. All four receptors are homophilic ligands. Single SLAMf KO mice have modest, if any, defects in the magnitude of Tfh or GC responses [12] [13] [14] [15] , in stark contrast to the severe defects observed in SAP-deficient animals. Slamf1
-/-Tfh cells have significantly reduced IL-4 expression [15, 16] , but the overall magnitude of the Tfh and GC responses are unchanged. The generation of pseudo double knockout conditions was useful to examine phenotypes involving interacting cells and SLAMf redundancies. For example, examining interactions between CD84 KO CD4 T cells with Ly108 KO B cells led to the finding that CD84 and Ly108 both contributed to sustained T cell:B cell adhesion [13] . Similarly, it was shown that SLAM and Ly108 were the primary receptors involved in NKT cell development by using Ly108 KO NKT cell precursors with SLAM KO thymocytes expressing CD1d [17] . Likewise, there may be additional roles that SLAMf receptors play that are unknown due to redundancy. Furthermore, Ly108 transmits both positive and negative signals [12, 18, 19] , additionally confounding the interpretation of single SLAMf KO mice. Slamf6 -/-Sh2d1a -/-mice exhibit substantially rescued GC Tfh cells and germinal center responses, demonstrating that Ly108 transmits potent negative signals in the absence of SAP.
Ly108 transmits positive signals in NKT cells [12] , NK cells [20] , and CD8 T cells [18, 19] , but this was not directly observable in CD4 T cells. Thus, generating multi-SLAMf receptor gene deficient mice is a useful way to gain a more comprehensive understanding of SLAMf receptor function. However, because the SLAMf genes are located adjacent to each other on chromosome 1 in a large cluster, it has been very challenging to make multi-SLAMf receptor knockouts and this has hindered research in this area. A Slamf1 -/-Slamf5 -/-Slamf6 -/-(Slamf1,5,6 -/-) mouse has recently been reported [21, 22] ; however that genetic modification involved deletion of 140,000 bp of the genome, which could have unpredictable effects on gene regulation of the many neighboring SLAMf genes. Therefore, we employed CRISPR-Cas9 gene editing strategies to generate multi-gene deficient mice to examine the roles of multiple SLAM family receptors.
Materials and Methods

Ethics statement
The mouse experiments were conducted in compliance with the La Jolla Institute for Allergy and Immunology Animal Care Committee (Office of Laboratory Animal Welfare assurance number A3779-01), who approved all animal care and protocols used (Protocol license number AP006-SC1-0612). The mouse care and use protocol adheres to the Public Health Service (PHS) Policy on the Humane Care and Use of Laboratory Animals (Department of Health and Human Services) and the Guide for the Care and Use of Laboratory Animals (eighth edition). Mice were anesthetized with isoflurane and euthanized with a carbon dioxide gas chamber followed by cervical dislocation.
Generation of SLAM
, and Ly108 Δ/Δ mice using CRISPR-Cas9 gene editing technology
The in vitro molecular and cellular biology was performed by Applied Stem Cell, Inc. Guide RNAs were selected using optimized CRISPR design by the Feng Zhang lab (crispr.mit.edu). Guide RNAs were further selected based on the criteria that they target the second exon of each receptor, target all isoforms of each receptor, and be unique for the targeted sites with up to two base pair mismatches. Also, 5'G motifs [23] and 3' purines were preferred [24] . Oligos for each of the gRNAs were cloned into the gRNA expression vector pBT-U6-Cas9-2A-GFP (or pX330 hSpCas9 vector with 2a-EGFP from the Feng Zhang lab). To test the activity of each gRNA, the gRNA expressing vectors were transfected into mouse N2A cells and the Surveyor assay was performed according to the manufacturer's instructions. Linearized pBT-T7-Cas9 plasmid was used as the template for in vitro transcription (IVT) using mMESSAGE mMA-CHINE T7 ULTRA kit (Life Technologies). T7 promoter was added to each gRNA template by PCR, gel purified, and used as a template for IVT using MEGAshortscript T7 kit (Life Technologies). Cas9 mRNA and gRNAs were purified using MEGAclear kit (Life Technologies) and eluted in RNA elution buffer. To test the activity of Cas9 mRNA, Cas9 mRNA was translated into protein using 1-Step Human IVT kit (Thermo Scientific) per instructions. An in vitro cleavage assay showed >95% IVT Cas-9 activity. An injection mix of 50 ng/μl Cas9 mRNA, 50 ng/μl SLAM-gRNA, 50 ng/μl CD84-gRNA, and 50 ng/μl Ly108-gRNA was injected into 150-250 one-cell embryos from C57BL/6J mice by the UCSD Stem Cell Core. These embryos were implanted into C57BL/6J surrogate mothers, and pups were genotyped by DNA sequencing and phenotyping by flow cytometry. DNA sequences were analyzed using Sequencher and diagrammed using SnapGene. phenotypic analysis, livers and spleens were collected, processed, and stained as previously reported [12] . For NKT cell functional assays, 1 ug of a-GalCer was injected intravenously and mice were euthanized 45 minutes later to assess the ex vivo production of IL-4 and IFN-γ by NKT cells.
Mice, infections, and immunizations
Flow cytometry
Stains were performed as previously described [25] . SLAM family receptor expression levels were measured using anti-mouse SLAM (Biolegend; TC15-12F12.2), anti-mouse CD84 (Biolegend; mCD84.7), and anti-mouse Ly108 (eBioscience; eBio13G3-19D). For Bcl6 staining, cells were stained for surface markers, then fixed and permeabilized with fixation and permeabilization buffer (eBioscience) per manufacturer's protocol, and stained with anti-Bcl6 monoclonal antibody (K112-91, BD Biosciences). For CXCR5 staining, cells were stained with purified rat anti-mouse CXCR5 (2G8, BD Biosciences) in PBS + 0.5% BSA + 2% normal mouse serum + 2% FCS (FACS buffer) for 1 hour, followed by goat anti-rat (H +L, Jackson Immunoresearch) in FACS buffer for 30 minutes, followed by other surface stains with washes in between each step.
Enzyme-linked immunosorbent assay (ELISA)
ELISAs were performed as previously described [26] . Briefly, Maxisorp plates were coated with Vaccinia virus antigen or HIV envelope trimers (YU2-gp140-F) overnight at 4°C. The plates were blocked with PBS + 0.1% Tween 20 + 0.5% BSA, mouse serum was added to plates, and HRP-labelled anti-mouse IgG (fragment specific Fcγ) was added with washing steps using PBS + 0.1% Tween 20 in between each step. Colorimetric development was performed with the TMB substrate kit and stopped with H 2 SO 4 , followed by measurement of absorption at 450 nm. Analysis was performed to measure endpoint titers (0.1 OD above background) and Area under curve (AUC). AUC analysis better accounts for both the quantity and quality of the IgG, as it accounts for the shape of the curve. AUC total peak area above baseline calculations (Graphpad Prism 6.0) were done for each individual sample, log transformed.
Statistics
Prism 6 Software was used to plot geometric mean and geometric standard error of the mean for log-based graphs, or mean and standard error of the mean for linear-based graphs. Statistical analysis was performed using Mann-Whitney t-tests.
Results
Generation of
Δ/Δ ) mice using CRISPR-Cas9 technology
To determine the role of multiple SLAM family (SLAMf) receptors in GC responses, Slamf1
Δ/Δ ) mice were generated. Given the sequential location of these genes at the same gene locus, the rare occurrence of chromosomal crossover between them rendered it unfeasible to create triple knockout (TKO) mice by crossing single SLAMf receptor single knockout (KO) mice. Thus, CRISPR-Cas9 gene-editing technology was employed to knockout all three receptors. CRISPR-Cas9 uses guide RNAs (gRNAs) and the Cas9 DNA endonuclease to cut specific sequences in the genome [24, [27] [28] [29] [30] [31] . Unique 20 base pair sequences were designed to target each SLAMf receptor and gRNA sequences were chosen that had no off-target gene matches with up to two base pair mismatches ( Table 1 ). The efficiency of gene targeting using these gRNAs was 30-34 percent as quantified in vitro via Surveyor assay (Fig 1A) . One-cell embryos were then injected with Slamf1, Slamf5, and Slamf6 gRNAs and Cas9 mRNA and embryos were implanted into surrogate mothers. This resulted in 23 viable pups, which were sequenced for mutations in Slamf1, Slamf5, and Slamf6 and/or phenotyped for the expression of the receptors SLAM, CD84, and Ly108 (Table 2) . Error-prone DNA repair resulted in insertions, deletions, or a combination of the two, at the targeted cut site and this led to frameshifts and stop codons (Fig 1B) . Strikingly, null mutations were generated in all 6 gene alleles for 14 of 23 pups. The remaining 9 pups were then partially characterized, with 8 of 9 confirmed to be at least double knockout (DKO). We then established three separate breeder lines (Table 2 ; breeders: #4 and #21, #11 and #23, #14 and #22), which each gave identical immunological results (S1 Fig). In sum, CRISPR-Cas9 targeting of SLAM family genes in embryos was highly efficient. Δ/Δ , Slamf6 Δ/Δ mice. Genomic DNA, guide RNA (gRNA), and sequencing results are aligned, with shaded boxes showing differences in sequence, which include deletions (dashes), insertions, and uncertain base calling that results from heterozygous mutations in each allele. The sequences of each allele of Slamf6 in mouse 11 is shown beneath the chromatogram. Each mutation leads to a stop codon shown in a red box. Genotyping was performed as indicated in Table 2 . Surface expression of SLAM, CD84, and Ly108 was absent on CD4 T cells, CD8 T cells, and B cells in Slamf1,5,6 Δ/Δ mice compared to wild-type (WT) mice (Fig 2A and 2B) . Residual signal by the anti-CD84 mAb binding B cells suggests a crossreactivity of the mAb for another antigen on B cells, as no signal was apparent on CD4 T cells or CD8 T cells, and homozygous Slamf5 stop mutations were confirmed in the genome (S2 Fig). Frequencies of peripheral CD4 T cells, CD8 T cells, and B cells were similar (Fig 2C and 2D) , suggesting that SLAM, CD84, and Ly108 are not required for the development of peripheral T and B cells. In contrast, peripheral NKT cells were reduced approximately 3-fold in liver and 2.5-fold in spleen of Slamf1,5,6 Δ/Δ mice compared to WT (p = 0.0002) (Fig 2E and 2F) . Surprisingly, this NKT phenotype was less severe than that seen in SAP-deficient mice [32, 33] and moderately more severe than Slamf6 -/-(Ly108-deficient) mice [12, 17] . Previously, it was thought that SLAM and Ly108 were the primary SLAMf receptors involved in NKT cell development [17] . The data here, and from the Slamf1,5,6 -/-mice [21] , suggest that additional SLAMf receptors, or SAP binding receptors other than SLAM, CD84, and Ly108, contribute to NKT cell development. Given that developing NKT cells can express other SLAMf receptors [34] , there may be roles for these receptors in NKT cell development. To examine this possibility, we investigated 2B4 (CD244, SLAMF4) expression. Interestingly, Slamf1,5,6
Δ/Δ mice have much larger populations of 2B4 + NKT cells in both livers (p = 0.0011) and spleens (p = 0.0002) (Fig 3A and 3B) .
Expression of 2B4 on naïve CD4 and CD8 T cells remained negligible in TKO mice (Fig 3C  and 3D ). These data suggest that signaling through 2B4/SLAMF4 contributes to NKT cell development. To determine if SLAM, CD84, and Ly108 expression impacted NKT cell function, we measured ex vivo IL-4 and IFN-γ secretion after in vivo stimulation with α-GalCer. We found that WT NKT cells secreted significantly more cytokine compared to Slamf1,5,6
NKT cells (IL-4, p = 0.0022; IFN-γ, p = 0.0152) (Fig 3E and 3F) , suggesting that these SLAM family receptors supported cytokine secretion in NKT cells as they do in T cells [15, 16] .
Absence of Tfh or germinal center defects in Slamf1,5,6 Δ/Δ mice SAP expression in CD4 T cells is necessary for GC responses [7, 35] . Because SAP binds to SLAM, CD84, and Ly108 on CD4 T cells, the impact of these receptors on GC responses was investigated. GC responses were measured in WT and Slamf1,5,6 Δ/Δ mice at 8 days post lymphocytic choriomeningitis virus (LCMV) infection. Frequencies of T follicular helper (Tfh) cells, GC Tfh cells, GC B cells and plasma cells (PCs) were comparable between WT and Slamf1,5,6 Δ/Δ mice (Fig 4A and 4B) . To determine if this was a representative result, vaccinia virus (VACV) infection was used as a second acute viral infection model. Overall Tfh, GC Tfh, GC B cells, and plasma cell responses to VACV were comparable between WT and Slamf1,5,6 Δ/Δ mice (Fig 4C and 4D) . We also found similar VACV-specific IgG titers in the serum of WT and Slamf1,5,6 Δ/Δ mice (Fig 4E) , consistent with the comparable plasma cell responses seen in the spleen. This is in contrast to a report using Slamf1,4,5 -/-genomic locus deletion mice, where a slight increase in antibody responses was observed in the context of NP hapten immunization [22] . We considered the possibility that GC defects in Slamf1,5,6 Δ/Δ mice may be compensated by other pathways in the context of inflammatory acute viral infections, even though no compensation is seen in SAP-deficient mice. We therefore immunized mice with HIV envelope (Env) protein (YU2 gp140-F) in mild adjuvant as an independent model. Again, no differences were observed in Tfh, GC Tfh, or GC B cell responses between WT and Slamf1,5,6 Δ/Δ mice (Fig 5A and 5B). Additionally, there were no differences in HIV Env-specific IgG titers in serum ( Fig  5C) . Thus, in Slamf1,5,6 Δ/Δ mice, where all cells are deficient for SLAM, CD84, and Ly108 expression, no quantitative defects in Tfh or GC responses were observed in three independent models. The roles of many factors can only be observed in vivo in the context of a competitive environment between WT and deficient cells. (Fig 6B-6E ). There were no significant differences between the frequencies of WT and Slamf1,5,6
Δ/Δ cells (Fig 6F-6I) . A second set of BM chimera experiments were performed with VACV infections. When Tfh cell, GC Tfh cell, and GC B cell responses were measured at 7 days post VACV infection (Fig 7A-7C ), there were also no significant differences between the frequencies of WT and Slamf1,5,6 Δ/Δ cells (Fig 7D-7F) . Thus, expression of SLAM, CD84, and Ly108
was not required for the initiation and maintenance of germinal center responses.
Discussion
SLAMf receptors and SAP are required for NKT cell development, with the primary receptors thought to be SLAM and Ly108 [17, 21] . In Slamf1,5,6 Δ/Δ mice, NKT cell development is defective, but not completely abolished as seen in SAP-deficient mice [32, 33] . This partial defect in Slamf1,5,6 Δ/Δ mice, which confirms a recent report using Slamf1,5,6 -/-genomic locus deletion mice [21] , suggests that other receptors are involved in NKT cell development. We then proceeded to further characterize the NKT cells that develop in Slamf1,5,6 Δ/Δ mice. We show a functional defect in NKT cells that develop and moreover, we find that 39% of splenic NKT cells in Slamf1,5,6 Δ/Δ mice aberrantly express 2B4/SLAMF4. We therefore conclude that 2B4 expression during development may largely compensate for loss of SLAM and Ly108 for NKT cell development, and that the 2B4 expression is then maintained in mature Slamf1,5,6 Δ/Δ NKT cells. SLAMf receptors have been shown to play roles in CD4 T cell function, including cytokine secretion and sustained interactions with B cells. Thus, SLAMf receptors impact Tfh cell help to GC B cells, and in turn, GC B cells help maintain Tfh cells in GCs [2] . SAP is necessary for GC responses and long-term humoral immunity, and SAP expression in CD4 T cells aids in the recruitment and retention of GC Tfh cells within GCs [36] . For these reasons, we expected that multiple gene disruption in SLAM, CD84, and Ly108 would lead to defects in GCs. Therefore, the lack of overall defects in GC responses after viral infection and protein immunization even in the context of competition was unexpected. A recent report using Slamf1, 5, 6 -/-mice suggested that SLAM, CD84, and Ly108 negatively regulated antibody responses by recruiting SHP-1 to the B cell receptor (BCR) complex [22] . SHP-1 recruitment to the BCR is required for the maintenance of GCs [37] Lastly, because SLAMf receptors have the potential to signal both positively and negatively through immunotyrosine switch motifs (ITSMs) [5] , the interpretation of these SLAMf receptor TKO phenotypes is complicated by impacts on functions downstream of both positive and negative signaling. Further exploration using multiple SLAMf receptor deficient mice to understand these phenotypes and the mechanisms underlying these phenotypes would be worthwhile.
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